Understanding proppant transport plays a critical role in estimating propped fracture dimensions and performance. Existing models generally assume a vertical planar geometry, whereas the reality in the subsurface may be much more complex. In this study, we use the discrete element method to simulate proppant transport in a 3D fracture system. The system geometry involves a hydraulic fracture intersecting preexisting natural fractures. In the numerical investigations for this study, we consider different natural fracture apertures and intersection, as well as proppant of various sizes and concentrations.
Introduction
The success of oil and gas production from shale reservoirs depends greatly on the effectiveness of hydraulic fracturing treatment. To achieve an optimal propped (effective) fracture area, understanding proppant transport plays a critical role. Model development for proppant transport in low viscosity fluids (slick water) has been a fastgrowing field of research. In general, the proposed models can be categorized into three groups: the Eulerian twofluids model (Dontsov and Peirce, 2014) , the Lagrangian particle model (Tsai et al. 2012 ) and the hybrid model (Tong et al., 2016) . The Eulerian model treats proppants as a continuous phase. This approach is computational efficient, and is thus capable of simulating large-scale transport processes in a timely manner. However, the assumption of the particles being a continuous phase is questionable, especially when a low viscosity carrier fluid is used in the stimulation. An additional weakness of the Eulerian model is that it does not consider particle-particle collisions and particle-boundary collisions. This may result in non-physical transport behavior and over-estimation of the proppant distribution.
Lagrangian particle models have the advantage of solving the momentum conservation equation of particles, and account for both particle-particle and particle-boundary collisions. This made the Lagrangian model a better approach when simulating particle flow in a complex geometry, in which sharp angles and side walls play an important role. The hybrid model is a modified version of the Lagrangian particle model. In it, the momentum conservation equation for individual particles is not solved, but only approximated using an Eulerian type of equation (Tong et al., 2016 , Hu et al., 2018 . This reduces the amount of computation compared to the Lagrangian model. Because of this approximation, the hybrid model is only suitable for dense, slow-moving particle systems.
In this study, we use the Discrete Element Method (DEM) to study proppant transport in a complex HF-NF network. DEM is a numerical technique that predicts solid particle movement by solving the momentum conservation equation in a Lagrangian frame. We exploit the advantages of DEM in resolving particle-boundary collisions in our effort to investigate and define the criterion for continuous proppant transport in the HF-NF network.
In unconventional formations, a combination of depositional and tectonic process has often generated heterogeneous and anisotropic media involving a complex stress distribution. This results in a complex natural fracture network (Cipolla et al. 2010 , Zhang et al. 2018 ) that gives rise to a multi-scale transport mechanism (Akkutlu 2016 . Many field-scale fracturing experiments have observed that interaction of HF with NF can result in branching and offset of hydraulic fractures (Warpinski et al., 1987 , Jeffrey et al., 2009 ). Significant progress has been made in recent years to develop models describing the HF propagation in a formation that contains preexisting NF. Gu et al. (2012) summarized possible scenarios of HF interacting with preexisting NF. In Fig. 1 (left) , we illustrate three of the possible scenarios. When a HF intersects an NF, it may cross the NF or be arrested by the NF. For an HF following NF to an end, it may turn itself or create a T-shaped section in order to align with the original HF propagation direction (Ma and Holditch, 2015) .
To determine whether the crossing scenarios occurs, crossing criterions have been proposed based on analytical and experimental approaches Weng 2010, Chuprakov et al, 2013) . Several parameters (characterizing carrier fluid and NFs) have been determined to have an influence on the crossing results. These include the intersection angle between HF and NF, the fracturing fluid viscosity, and the injection rate. In general, a large intersection angle (90⁰), a low fluid viscosity fluid and a low injection rate tend to create a complex HF network. A small intersection angle (<15⁰), a high fluid viscosity and a high injection rate create a HF path which is nearly straight (Pater and Beugelsdijk, 2005) .
We investigate proppant transport in two simulation domains describing a HF arrested by a NF (with 45⁰ and 90⁰ intersection angles). The focus of our study is to determine the effect of the NF aperture, proppant size and proppant concentration on the continuous transport of the proppant. We use LIGGGHTS code , which is an open source C++ code parallelized with MPI and CUDA, to perform the DEM simulation. During our numerical experiment, up to 500,000 representative particles were simulated using a maximum of 32 cores. All simulations were performed on the supercomputer platform at Texas A&M University High Performance Research Center.
Method
As mentioned earlier, in this study we use the DEM to model the transport of the proppant phase. Because individual particles are tracked in a Lagrangian frame, the mass conservation equation does not need to be solved. The momentum conservation equation for the Lagrangian particle is shown in Eq. where is the mass of particle i in kg; ⃗ ⃗ is the location of particle i in meters; ⃗ ⃗ is the velocity of particle i in m/s; ⃗ is the force from particle j to particle i in N/m; ⃗⃗ is the gravitational constant in m/s 2 ; and ⃗ − is the fluid particle force in Newton.
To model the movement of a solid particle, three types of forces need to be calculated. These are the body force, the particle-particle contact force ( ⃗ ), and the fluid-particle force ( ⃗ − ). In this study, we use the Hertz-MindlinDeresiewicz (H-MD) model to describe the particle-particle contact force model (Hertz, 1882, Mindlin and Deresiewicz, 1953) . This is represented by the following equation: where , are the elastic coefficients on the normal and the tangential direction, respectively, in N/m; , are the overlap distances in the normal and the tangential direction, respectively, in meters; , are the viscoelastic damping constants in the normal and the tangential direction, respectively, in N•s/m; and , are the relative velocities in the normal and the tangential direction, respectively, in m/s.
The H-MD contact force model is a nonlinear viscoelastic model, in which elastic terms ( , ) conserve the kinetic energy, and the viscous terms ( , ) control the energy dissipation. Detailed formulation of the H-MD model can be found in our previous study (Kou et al., 2018) . Compared to the linear contact force model (Cundall and Strack, 1979) , the H-MD model results in higher accuracy, especially when particle-particle interactions are dominant (Norouzi, et al., 2016) .
Using the H-MD model, we performed impact simulations. The impact simulation measures the contact duration between two stainless steel spheres at various impact velocities. The comparison between our DEM simulation results (based on the H-MD model) and the published experimental observations (obtained in a study performed by Stevens et al. 2005) in Fig. 2 shows that our predictions of the collision duration are in good agreement with the experiment data. Furthermore, our simulation with H-MD model is capable of capturing the decreasing trend of the contact duration when the impact velocity increases, in contrast to the linear contact model (Cundall and Strack, 1979 ) that yields constant contact duration. (Stevens et al, 2005) of the collision duration between two stainless steel spheres at various impact velocities.
The mass and momentum conservation for the fluid phase are described by: (4) where is the fluid density in kg/m 3 ; ⃗⃗⃗ is the fluid velocity in m/s; is the fluid viscosity in poise; is the volume fraction of fluid; ⃗ − is the fluid-to-particle force for particle i, in N;
is the number of particles in the corresponding fluid cell; and is the volume of the fluid cell, in m 3 .
The fluid-to-particle force ( ⃗ − ) is the coupling term between the particle phase and the fluid phase. It contains (but is not limited to) the pressure gradient force, the fluid drag force and the fluid shear force. Instead of computing each of the component forces listed above, one can use the following derivation to simplify the coupling term ( ⃗ − ). First we expand the Cauchy stress tensor in Eq. 4 as follows: The summation of the force terms on the right-hand side can be expanded as (Crowe, et. al., 2011) : (6) where is the volume fraction of all particles in the fluid cell; is the volume (in m 3 ) of particle i; ⃡ is the shear stress of the fluid (in N/m 2 ); and =1-is the volume fraction of the particles in the fluid cell.
Combining Eq. 5 and 6, we obtain the final momentum conservation equation for the fluid phase:
. The advantage of using Eq. 7 is that, by canceling the pressure gradient and the shear stress components of ⃗ − , the fluid and the particle momentum conservation equations (Eq. 1 and 4) are coupled through the drag force term ( ⃗ ) only. This reduces the computational effort, as well as the memory required for coupling the CFD and the DEM simulations. Eq. (7) is often referred to as the "Model A" formulation of the coupled CFD-DEM simulation.
To implement the Model A formulation in a 3-dimensional simulation, one can further derive Eq. (7) in the rectangular Cartesian coordinate system. Taking the x-component as an example:
From the equation of mass conservation of an incompressible fluid, for which ( • ⃗⃗⃗ ) = , we have The final form of the momentum balance equation becomes:
Considering the fracturing fluid (i.e., slick water) as a Newtonian fluid, the stress term can be calculated as (15) where is the particle Reynolds number; ⃗⃗⃗ is the velocity of particle i in m/s; is the particle's diameter in meters; is the volume fraction of the fluid; is the fluid velocity in m/s; ⃗⃗⃗ is the fluid velocity in m/s; and is the dimensionless drag coefficient.
We have shown in our previous study (Kou et al., 2018) that the Di Felice model is capable of accurately matching the experimental terminal velocity for a wide range of Reynolds numbers. Furthermore, the Di Felice model has the advantage of correcting the drag force by considering the influence of the surrounding particles (described by the term − ). This makes the Di Felice model suitable for both dense and dilute particle flow simulations. In our results section, we will show that the number of the surrounding particles (i.e., the proppant concentration) plays an important role in the transport of proppant around sharp angles.
Results

The Simulation Domain
We conducted numerical experiments of proppant transport in the simulation domain shown in Figure 2 (right panel). This simulation domain describes proppant transport from a HF (shown as red plane in Figure 2 ) into a NF section (purple plane, Figure 2 ) and then back to a continuation of the HF (green plane, Figure 2 ). The domain is 10 meters long (in the x direction), and 2 meters high (in the y direction). The fracture aperture varies for each case. Details of the values of key parameters in various combinations used in our numerical experiments are listed in Table 1 . 
Analysis of Fluid and Proppant Velocity
We analyze the fluid velocity field in one of the continuous flow scenarios, in which the proppant size (dp) is 0.5mm in diameter, the NF aperture (bNF) equals 4.23 x dp, and the proppant concentration Cp = 7.03 PPA (lbm/gallon). Figure 3 shows the fluid velocity (scalar) field at t = 120s. The different colors represent the magnitude of the fluid velocity. The slurry transport region (shown in red), the proppant bed (shown in blue) are easily identified. The height of proppant bed in Fig. 3 increases as the flow approaches the sharp angle, reaching a peak height at the HF-NF interface. The peak bed height indicates that particle-boundary collisions are more frequent at the interface, thus more proppant drop out of fluid in this region. In the NF, the height of the proppant bed decreases in the direction of flow. Figure 4 shows the particle and the fluid velocities profile in HF and NF (along the y-axis at x = 2.48m and along the y-axis at x = 2.7m). Both velocity profiles show that the fluid and particle velocity are similar. This indicates that the particles are suspended in the fluid, and that they are transported as a mixture. It is important to emphasize the slurry transport region (shown in Fig. 3 -i .e, the red color zone) is not in the bedload transport regime, which is described by the movement of a thin layer of particles on the top of an immobile bed. This usually happens at a distance far from the proppant inlet (injection point), where flow is steady and slow.
Proppant Size, At t = 120s, the proppant slurry rides on top of proppant bed and low-velocity regions were developed above the injection level and near the bottom of the HF (Figure 5) . A fluid recirculation region can be identified below the slurry transport region (depicted by the region with the green arrows). The recirculation region is defined as the region characterized by a circular rotation of the velocity vector, including a sub region where the fluid velocity is in the opposite direction of that of the fluid injection (positive x-direction). Due to fluid recirculation, a proppant erosion zone has developed near the injection point. Figure 6 shows the fluid velocity (vector) field in the NF. The fluid velocity field in NF is substantially different from that in the HF in that it does not involve a recirculation zone. Proppant slurry (depicted by the red arrows) enters the NF and flows on top of the proppant bed. The height of proppant bed increases gradually as time advances. In all our numerical experiments, the peak height of proppant bed in the NF has always occurred at the HF-NF interface. Figure 7 shows the influence of the NF aperture on the continuous transport of proppant by depicting the proppant distribution for two different NF apertures bNF. In the top panel of Fig. 7 , the NF aperture (bNF) equals 1.41 times the proppant size (dp), and in the bottom panel, bNF = 2.82 dp. In both cases, the proppant size is 0.5mm in diameter, and the proppant concentration Cp = 7.03 PPA (lbm/gallon).
Influence of NF Aperture
Figure 7
clearly shows that continuous transport of the proppants across the HF-NF intersection is achieved only in the bottom case, where bNF = 2.82 dp. In the top panel of the figure, a small amount of proppant was transported around the sharp corner into the narrow NF, but the majority of the proppant accumulated into a pack at the HF-NF intersection that blocks particle transport into NF. The evolution of the amount of proppant (represented by the percentage of the injected proppant particles that crosses into the NF, RNF) over time is shown in Fig. 8 . In the case of the wide NF (in which bNF = 2.82 dp), the percentage of proppant that crosses into the NF (RNF) is significant and increases continuously over time, which indicates continuous transport of proppant from the HF into the NF. Conversely, in the case of narrow NF (in which bNF = 1.41 dp), RNF is minimal (< 5%), as the bulk of the proppants accumulating behind the HF-NF intersection. Once the blockage is formed, RNF decreases over time, indicating that no additional proppant particles cross the HF-NF intersection. The blockage at the HF-NF interface is also referred as proppant bridging. The occurrence of bridging is usually associated with narrow natural fracture in the formation and /or high fluid leak-off. During the hydraulic fracturing operation, proppant bridging may cause abrupt spike of pressure and early screen out (Barree et al., 2001 ). Our simulation result in Figure 7 (top) shows a good illustration of the early screen out caused by proppant bridging.
Influence of Proppant Concentration
Knowing that the narrow NF (with bNF = 1.41 dp) will cause bridging at the HF-NF, we performed additional numerical experiments involving lower proppant concentrations. Figure 9 shows the results of 3 simulations with proppant concentrations Cp = 1.36 PPA (top), 2.49 PPA (middle) and 7.03 PPA (bottom). In all 3 cases, the bNF = 1.41 dp. We observe that proppant across the HF-NF intersection improves with decreasing proppant concentration. Thus, when Cp = 2.49 PPA, bridging at the intersection is formed slower than in the Cp =7.03 PPA case and more proppant flows into the NF.
When Cp is further reduced to 1.36 PPA, the transport of proppant into the NF is continuous. The evolution of the corresponding RNF is shown in Figure 10 . The slope of the curves corresponding to the three Cp levels provide evidence of the difference between blockage and continuous transport. Continuous transport is associated with continuous increase of the percentage of the proppant in NF with time, but bridging is indicated by a continuous decrease. The results of this group of simulations indicates that proppant bridging at the HF-NF interface can be reduced by lowering the proppant concentration.
In Fig. 11 , we show the process of forming and erosion of bridging at the HF-NF interface. Color of particle represent its velocity, thus blue particles are the immobile proppants that blocks the interface. At t = 89s, a local bridging was formed at the interface. Because low concentration slurry is used (Cp = 1.36 PPA), at t = 93, the bridging was washed away (erode) by the fluid before the arrival of newly injected particles. Throughout the slurry injection process, the unstable bridging occurred at multiple times and locations. The continuous transport of proppant depends on the efficiency of fluid erosion. Figure 11 -Proppant bridging (in blue) at HF-NF interface (bNF = 1.41 dp ) erode by low concentration slurry (Cp = 1.36 PPA)..
Influence of Intersection Angle
As mentioned earlier, HFs may intersect preexisting NFs at different angles. To study the effect of the intersection angle on the proppant transport, we conducted simulations with intersection angle  = 45⁰and 90⁰. In both cases, bNF = 2.82 dp, and Cp = 7.03 PPA. The results in Fig. 12 indicate that there is continuous transport across the HF-NF intersection in both cases because of the large NF aperture, with no evidence of blockage. The evolution over time of the corresponding RNF in Fig. 13 suggests that the intersection angle  does not appear to have a significant influence on the transport efficiency across the HF-NF intersection. As the slope of the two curves indicates, there is continuous proppant transport into the NF. Whether this observation applies to a wide range of Cp, dp and  is the subject of continuous research, and more scenarios need to be explored to reach authoritative conclusions on the angle effect. Note that our simulation domain is based on the assumption that HFs are arrested by NFs, where all fluid in HF enters NF. In the case of HFs branching at NFs, only a portion of the fluid enters the NFs, and this is expected to have a sizeable effect. 82 dp, Cp = 7.03 PPA.
Conclusions
In this paper, we focus on modeling and analysis of the transport of proppants in complex fracture systems involving intersections of hydraulic fractures (HF) and natural fractures (NF) at sharp angles. Our simulator is based on the discrete element method (DEM) and was run on a high-performance (parallel) computational platform. Compared to other methods, DEM has the advantage of resolving explicitly particle-particle collision and particle-boundary collisions. This allows the simulation of proppant transport in narrow and complex HF-NF network. We conducted numerical experiments to investigate proppant transport as affected by various key parameters, including the NF aperture, the HF-NF intersection angle, the proppant size and the proppant concentration. The simulation results provided new insights into the proppant transport process and led to the following conclusions:
1. The ratio of the NF aperture to the size of proppant is critical in determining whether continuous transport can be achieved. For NFs with narrow aperture (bNF =1.41 dp), a proppant pack may be formed and block the HF-NF intersection. Therefore, during the design process of hydraulic fracturing operations, knowledge of the aperture of preexisting NFs is critical in determining the appropriate proppant size. Overestimation of the NF aperture, or using proppants with a wide range of sizes, may lead to HF-NF blockage that impedes continuous proppant transport, and consequently, reduce the proppant placement efficiency and drainage area of the reservoir. 2. The proppant blockage in narrow NFs can be alleviated by lowering the proppant concentration. Although local blockage may appear at certain times and locations of the HF-NF intersection, injecting fluid with low proppant concentration allows the temporary blockage to be washed out (erode) by the fluid, thus keeping the flow path open for continuous transport. This may have significant implications for the design of proppant operations and needs to be further explored, as there may exist a maximum proppant concentration, below which the continuous transport of proppant into narrow NF can be achieved. 3. The intersection angle does not appear to have significant influence on the proppant placement efficiently in the NFs. Our simulation result shows that same amount of proppant entered NF with different intersection angles. However, it can be argued that our simulation domain is based on the assumption that HFs are arrested by NFs, where all fluid in HF enters NF. In the case of HFs branching at NFs, only a portion of the fluid enters the NFs. This being the case, it is expected that the fluid and particle distribution will be different and the subject needs to be further investigated. 4. Because of the increased particle-boundary collision, the height of the proppant bed increases as the flow approaches the sharp angle of the HF-NF intersection. In the NF, the height of proppant bed decreases in the direction of flow. The peak bed height in the NF is located at the HF-NF interface. = Dimensionless drag coefficient = Proppant concentration, lbm/gallon = Particle diameter, m = Contact force from particle j to particle i, N = Mass of particle i, kg = Pressure, Pa = Particle Reynolds number for particle i, dimensionless = Percentage of injected proppant particles that crosses into the NF = Fluid velocity, m/s = Velocity of particle i, m/s = Volume of CFD cell = Location of particle i , m = Volume fraction of fluid phase = Intersection angle between natural fracture and hydraulic fracture = Fluid density = Viscosity of fluid, poise
